Abstract Univariate and bivariate spectral analyses were applied to the study of two karstic systems in the Central Apennines (Italy). The analyses allowed the characterization of the transformations between the input rainfall and the output discharge. Although the development of the karstification is very different, the two aquifers show very similar behaviour. Both systems present very high memory effects which modulate the input signal. The baseflow component predominates in both systems which seem to behave like porous aquifers.
INTRODUCTION
The Water resources in karstic aquifers are the object of increasing interest. Among the methods of study used there are some, such as mathematical modelling, which follow different approaches according to whether the aquifer does or does not behave like a typical karstic system (Zwahlen et al, 1995) . One way of characterizing the functioning of an aquifer is through correlation and spectral analysis (Jenkins & Watts, 1968) .
In this study, two carbonate springs in Central Italy were studied: the Scirca and the Bagnara springs (Fig. 1 ). These springs have several aspects in common: both are located on the western slope of the Umbria-Marche Apennines (Lavecchia et al., 1988) at a distance of about 30 km from each other; in both catchment areas the Umbria-Marche series outcrops; for both systems the climatic conditions are fairly similar. There is also, however, a substantial diversity between the two aquifers in the very different development of their karstification.
The aims of the study were to characterize the behaviour of the springs by means of an analysis of the discharges (which are often the only available data for many systems) and to verify how the different karstification affects the functioning of the aquifers. 
HYDROGEOLOGICAL CHARACTERISTICS OF THE SYSTEMS STUDIED The Scirca Spring
The Scirca Spring drains the Mount Cucco karstic massif constituted by a slightly folded but regular monocline. The recharge area of the spring covers about 3.7 km 2 (Menichetti et al., 1988) . The water emerges at 582 m a.s.l. and the highest point of the catchment is at 1566 m a.s.l.. The aquifer is formed almost entirely on the Lower Liassic carbonate bank, more than 900 m thick (Fig. 2) which overlies the Upper Triassic evaporitic formation and underlies limestone of the Jurassic-Lower Cretaceous. The spring emerges near the marly limestone and marls of the LowerMiddle Cretaceous and can be classified as an overflow type spring (Bonacci, 1987) .
Mount Cucco is characterized by a well developed underground karst with more than 50 known caves in the Lower Liassic carbonate bank, extending over 30 km and 948 m deep (Menichetti, 1989) . The conduits are arranged in superimposed levels ( Fig. 3) as a result of the progressive lowering of the local base level (Passed, 1972) . Most of the caves are dry. The wet system, which is still active, is less developed and sometimes impracticable (Menichetti et al., 1988) .
The daily discharges and precipitation near the outlet of the spring have been recorded since 1948. The annual average rainfall is 1400 mm. At the highest elevations of the catchment the rainfall exceeds the average by around 30% (Menichetti et al., 1988) . There is heavy snowfall in the months of January and February.
The average discharge is around 0.2 m 3 s"
1
. In general the lowest discharge values coincide with the beginning of the autumn and the highest with the melting of the snow in the spring. 
The Bagnara Spring
The Bagnara Spring is located on the western slope of Mount Pennine, at an elevation of 630 m a.s.l. The structure of M. Pennine is an asymmetric anticline folded ENE (Fig. 4) . The recharge area of the spring is probably a little less than 8 km 2 (Angelini, 1995 Liassic carbonate bank and on the limestone of the Jurassic-Middle Eocene. The spring emerges near the marly-clayey formation of the Upper Eocene-Oligocene and can be classified as an overflow type spring. The M. Pennino system is poorly karstified with only limited superficial landforms. An average annual rainfall of 1340 mm was estimated in the recharge area (Angelini, 1995) . The daily discharge of the spring has been available since 1974. The average flow is 0.135 m 3 s" 1 with a maximum of 0.35 m 3 s" 1 and a minimum of zero. The highest flows take place in the spring and the lowest in the middle of the autumn.
UNIVARIATE CORRELATION AND SPECTRAL ANALYSIS Data and period studied
The discharges of the two springs, the catchment rainfalls and the air temperatures were examined on a daily basis between 1984 and 1992. This period of eight consecutive years was chosen for which the discharge data are continuous for both springs. A fixed hydrological year from 1 October to 30 September was considered. In Table 1 the characteristics of each station are shown. The pluviométrie stations used were the only existing ones in the two catchment areas. Both of these were located near the spring outlet. The air temperature data refer to the Assisi station (424 m a.s.l.), the nearest to both springs, with data recorded in part of the period examined. Because the data were not recorded in June 1990, the temperature analysis was carried out until 31 May 1990. It must be accepted that the measured discharges of the Scirca Spring do not represent the total flow emerging from the aquifer. In fact, upstream of the water level gauging station of the Scirca Spring there is a water exit which comes into operation for discharges higher than 0.114 m 3 s" 1 . The amount of water which flows out from that exit is unknown. Consequently, the Scirca hydrograph constructed with the measured discharges presents damped peaks even though it shows the real trend of the system. However, an attenuation or amplification of the peaks does not substantially change, as shown later, the autocorrelation coefficient and therefore the spectral density. It is the presence of multiple data oscillations around the average that modifies a correlogram and spectrum.
It should be taken into consideration that upstream of the water level gauging station of the Scirca Spring, a discharge of about 0.02 m 3 s" 1 is almost constantly being drawn as a contribution to supplying water for nearby villages. This drawing of water was not added to the discharges analysed because, being constant, it does not affect the results of the analysis.
The equations used in the univariate analysis are reported in Mangin (1984) .
Short term analysis over a long period
A short term correlation analysis applied over a long period permitted the characterization of each system in an average hydrological year. A period of eight consecutive hydrological years, a step of 1 day and a truncation point of 120 days were used. Precipitation The autocorrelation coefficient and the spectral density of the Scirca rainfall are very similar to those of Bagnara (Fig. 5 ). This is due to the clear homogeneity in the climatic conditions of the area. The graphs show the known random character of the precipitation. The autocorrelation coefficient does in fact decrease very quickly and reaches a value of 0.1 in two days. The spectrum is essentially monotonie.
Air temperature As opposed to the precipitation, it is well known that air temperature cannot be considered as a random function. In fact the autocorrelation coefficient has a gentle slope (Fig. 6 ). It reaches a value of 0.2 in 77 days and a null value in 91 days. The spectrum shows how the variance is considerable only within the range of the low frequencies.
Discharge The autocorrelation coefficient of both springs decreases slowly (Fig. 7) . For the Scirca spring the coefficient reaches a value of 0.2 in 70 days and a null value in 89 days. For the Bagnara spring the coefficient has a value of 0.2 in 101 days and a null value in 120 days. The memory effect is therefore very high for both systems in which the baseflow component should prevail greatly . The systems seem to behave in a similar way to a porous aquifer rather than to a typical karstic aquifer. This is easily understandable in the case of Bagnara where the karst is scarcely developed and the water moves through a network of fissures (Angelini & Dragoni, 1997) . In the case of the Scirca spring, on the other hand, given the high development of the caves, one would expect a steeper autocorrelation coefficient. An explanation of this behaviour is that the M. Cucco karstification mainly involves the unsaturated zone while the saturated zone is only slightly involved. The rest of the aquifer seems to be substantially characterized by a network of fissures through which the water moves at a much lower velocity. This part of the aquifer filters the information contained in the rainfall event very well. In fact the oscillations present in the correlogram and spectrum of the precipitation are completely absent in the correlogram and spectrum of the discharge. These considerations are consistent with the results obtained from tracer tests carried out in the M. Cucco caves (Menichetti et al, 1988; CAI, 1992) .
In the spectra the memory effect of the systems corresponds to a filtering of high frequencies in favour of low frequencies. This indicates the high transformation capability of the systems.
In order to verify that the discharges of the Scirca Spring, even if incomplete, provided reliable results for the correlation and spectral analysis, the measured discharges were modified artificially in such a way as to markedly intensify the peaks of the hydrograph. Discharges over 0.114 m 3 s 4 were adjusted according to the following equation:
(1) where Q, is the adjusted discharge and Q m the measured discharge. The constant terms in equation (1) were chosen so as to greatly intensify the highest discharges. Other pairs of values were also considered, but the results obtained for the correlation and spectral analysis did not change substantially. Fig. 8 compares the adjusted and measured hydrographs. The autocorrelation coefficients obtained with the modified and measured discharges were essentially equivalent (Fig. 9) . Time (days) Fig. 9 Autocorrelation function of measured and modified discharge for the Scirca Spring.
Short term analysis of single hydrological years
Comparison between the single year correlogram and the graph of Fig. 7 permitted a characterization of the behaviour of each hydrological year with respect to the average trend. A period of one hydrological year, a step of 1 day and a truncation point of 120 days were considered. Nearly all the hydrological years substantially confirmed the average behaviour. Only the years 1988-1989 and 1991-1992 showed a much steeper correlogram for both springs (Fig. 10 ). This is due to the fact that in 1988-1989 60 90 120 Time (days) Fig. 10 Autocorrelation function of discharge of the two springs for the hydrological years 1988-89 and 1991-92. these two hydrological years a clear winter recession took place in addition to the summer depletion. Because the winter months are the period of maximum recharge for both systems, the years 1988-1989 and 1991-1992 were therefore characterized by a decrease in groundwater storage. This was reflected in the correlogram with an attenuation in the memory effect.
Long term analysis
Precipitation, temperature and discharge were analysed in the long term over the entire period considered in order to show the annual oscillations. A step of eight days was used. The truncation point was fixed at 960 days for precipitation and discharge and at 680 days for air temperature, the data for which refer to a slightly shorter period. The autocorrelation coefficient of the discharges (Fig. 11) shows a clear annual oscillation for both springs. The cycles represent the seasonal oscillations of discharge which were slightly more regular for the Scirca Spring. The precipitation correlogram, on the other hand, shows no oscillation. This is due to the fact that the Time (days) Fig. 11 Autocorrelation functions in the long term analysis. 960 maximum and minimum values of rainfall do not always occur in the same months, even if a more rainy and a less rainy period exists in each year. The temperature was characterized by a high regularity and shows annual cycles more emphasized than those for the discharge. The discharge reflects the oscillations of the temperature which has a regulating effect on the recharge of the systems.
BIVARIATE CORRELATION AND SPECTRAL ANALYSIS
The expressions used for the bivariate analysis were taken from Jenkins & Watts (1968) . The daily rainfall was considered as an input series and the daily discharge as an output series for each spring. The period from 1984 to 1992 was considered. The step was of one day with a truncation point of 120 days.
The results obtained with the bivariate analysis for both springs were in agreement with those obtained by for a theoretical time series representative of a system very slightly karstified, similar to a porous medium, in which there is no quickflow. In fact the cross-correlation function decreased slowly for both springs, as is typical of systems where the quickflow is absent (Fig. 12) . The cross-amplitude and gain functions showed how the systems attenuated the input signal at high frequencies and amplified it at low frequencies ( Fig. 13) . The cross-amplitude function reached essentially a null value for frequencies over 0.1 in both springs. This also suggested the very small influence of the quickflow. In fact, for systems where there is quickflow, obtained a cross-amplitude function which remains at about unity even at the highest frequencies. For this same frequency of 0.1 the gain function showed greater attenuation of the input signal than for lower frequencies. For the Scirca spring the gain function reached a value of unity at a frequency of about 0.017 which corresponds to a duration of baseflow in the aquifer of 60 days. For the Bagnara spring a duration of 80 days was obtained. The coherence function, which indicates whether variations in the output series respond to the same type of variations in the input series, showed a loss of correlation between rainfall and flow for frequencies over 0.1 for both springs (Fig. 14) . A system with substantial quickflow on the other hand presents high coherence also at high frequencies .
The phase function, which indicates the delay between precipitation and flow, showed an alignment only at the lowest frequencies (Fig. 14) . From the slope of the function in this interval a mean delay of 26 days was estimated for the Scirca spring and 31 days for the Bagnara spring. For higher frequencies the input signal was very distorted.
The cross-correlation function of the Scirca spring obtained with the adjusted discharges was very similar to that obtained with measured discharges (Fig. 15) . 
CONCLUSIONS
The correlation and spectral analyses showed how the two systems examined exhibit a very similar behaviour although the development of their karstification is very different. This is due to the fact that the strong karstification of M. Cucco essentially involves the unsaturated zone of the Scirca aquifer. In the rest of the system the drainage should occur principally through a network of fissures as is the case with the Bagnara spring. The two aquifers present a high memory effect which modulates the input signal. In both cases the baseflow clearly seems to prevail. The analysis leads to hydrogeological considerations consistent with the results obtained from tracer tests.
The correlation and spectral analyses allowed valid valuations also by using incomplete data such as those for the Scirca discharge. The incompleteness of the data would not have permitted correct application of other methods.
